ABSTRACT. A technique to correct deficiencies in x-
-ray imaging has become a common tool for the inspection of agricultural products for defects, contaminants, and quality. Linescan x-ray units are replacing metal detectors in many processing plants because of their ability to detect non-metallic materials such as bone, glass, or rocks. While their use at present is mainly limited to the inspection of packaged food products, including canned foods and product packaged in jars, substantial research has been conducted in an effort to make realtime x-ray inspection of fresh produce practical. Schatzki et al. (1997) demonstrated the feasibility of detection of insect infestation and core rot in apples using a linescan x-ray system, although image quality was a major deterrent to detection of insects at the earlier life stages. Kim and Schatzki (2000) developed an algorithm to detect watercore damage in x-ray images of apples generated on a linescan x-ray machine. Tollner et al. (1992) used x-ray density as a measure of water content in apples, and Talukter et al. (1998) developed algorithms for separation of agricultural commodities in x-ray images. In addition, x-ray inspection is a commonly used tool for quality control sampling of many agricultural products. Despite this considerable research effort, real-time x-ray inspection of fresh produce is still uncommon in the industry, mainly because of limitations in image quality when using high-speed systems. Poor x-ray image quality is the main limiting factor for high-speed real-time detection of many defects in fresh produce. The author is Ron P. Haff, ASABE Member Engineer, Agricultural Engineer, USDA-ARS Western Regional Research Center, 800 Buchanan St., Albany, CA 94710; X-ray images of agricultural products often contain deficiencies that are consequences of the curvature of the sample and its container, if applicable. This applies to most fruit, as well as product packaged in jars and cans. Figure 1a illustrates the effect when imaging an object with a circular crosssection and no container. Since the x-rays must be sufficiently energetic to penetrate the thickest part of the sample, the thinner edges can be washed out in the image due to saturation of either film or solid-state detectors at that location. The result is an image with lower pixel intensity at the center of the sample compared to the edges. Alternatively, if the incident x-ray energy is reduced to allow imaging of the edge of the sample, there is often insufficient energy to penetrate the thicker center. While this is generally not a problem in identifying metal contaminants, which for the most part absorb all incident x-rays, less dense contaminants such as wood, bone, and even glass may not be detected because of this phenomenon if they are situated along the edges of the sample. Figure 1b illustrates the effect of a container, which becomes thicker along the direction of x-ray attenuation towards the edges. For thin-walled containers with low x-ray density, such as aluminum cans, this effect is minimal. For containers with thicker walls or higher density, such as glass or steel, the effect is more important. For the case of a filled container, the two effects are competing.
In order to compensate for this variation in pixel intensity, it is common practice to normalize the image using a software correction. This is useful when automatic recognition algorithms are used to drive a rejection mechanism, as the algorithms can be affected by the lack of uniformity of image brightness. However, software corrections cannot recover information lost in the imaging process, such as the presence of a small object with low density situated along the edge of the sample that has been washed out due to saturation of the detectors. A physical correction applied at the time of X (a) (b) Figure 1 . (a) X-rays of uniform intensity incident on a curved object transmit x-rays of non-uniform intensity, resulting in an image with higher pixel intensity toward the edges. The object shown here is representative of a piece of spherical fruit; (b) x-rays incident on an empty can can also transmit x-rays of non-uniform intensity, but with higher pixel intensity toward the center. In the case of a filled can, the two effects compete.
imaging would improve the overall image quality as well as increase the probability of detecting such contaminants. For this research, two different types of x-ray images are addressed. The first are those generated by traditional means, such as exposing an x-ray film or generating a real-time image using two-dimensional detector arrays. This type of imaging will hereafter be referred to as traditional imaging. The second image type is generated on linescan x-ray systems.
The technique developed here for applying a correcting attenuator in traditional imaging is shown in figure 2a . The sample is placed in-line with an attenuating material designed to equalize the x-ray absorption through all parts of the sample. The required shape and x-ray density of the attenuating material can be derived using Beer's law, which describes attenuation of intensity as x-ray photons traverse a target material:
where I is the intensity of the transmitted x-rays, I 0 is the intensity of the incident x-rays, t is the thickness of material through which the x-rays have passed, ρ is the density of the material, and m is the x-ray absorption coefficient, which is dependant on the chemical composition of the material (Clark, 1940) . It is common to replace mρ with a single variable (k), which accounts for both the density and absorption coefficient. Hereafter, the variable k is referred to as the x-ray absorption coefficient. Applying equation 1 to the geometry in figure 2a gives:
where k 1 , k 2 , and k 3 are the absorption coefficients of the sample, the attenuator, and the container, respectively; s is the wall thickness along the direction of x-ray attenuation; s 0 is the wall thickness at the center; T is the sample thickness along the direction of x-ray attenuation; and D is the sample thickness at the center (inside diameter of the container). Note that although DĂ= 2r i , the potentially redundant notation is retained so that r is reserved to refer to the container parameters and D is reserved for the sample within the container. Also note that the primes merely denote intensities of a particular path and should not be confused as denoting derivatives. Applying the Pythagorean Theorem gives:
where R o and R i are the outer and inner radii of the container, and x is the distance from the center. Equating equations 2 and 3, substituting the relations from equations 4 through 6, and solving for t gives the requirement for a uniform transmitted intensity as a function of the distance (x) from the center:
where dR is the thickness of the container wall. Note that for the case of no container the first term vanishes as expected and R i is just the sample radius.
Since product is rarely packaged in spherical containers and cans and jars are almost exclusively x-rayed with linescan x-ray units, discussion of the required correction for traditional imaging is restricted to the no-container case and only the second term in equation 7 applies. Figure 2b shows the required attenuator cross-sections for various values of k 2 Ă/ k 1 . For the special case of k 2 = 2 k 1 the required shape matches the curvature of the sample. This may be convenient in terms of construction of the attenuator, but it requires the use of a material that has an x-ray absorption coefficient exactly twice that of the sample, a condition that could be difficult to satisfy. On the other hand, any material with an absorption coefficient greater than twice that of the sample can be used and the appropriate shape calculated as in figureĂ2b . In this case, selection of the material is simplified, but shaping the attenuator is more complicated.
This procedure is effective for imaging spherical or cylindrical objects for single-sample inspection, or perhaps for several samples at a time placed in a tray with multiple attenuators. However, while practical for sampling purposes, this technique is not practical for high-speed inspection in real time, which is generally done with linescan x-ray systems.
Linescan x-ray machines utilize a linear array of detectors that repeatedly scan a moving sample and construct an image row by row ( fig. 3 ). Most high-speed applications employ a side-view arrangement, as opposed to a top-view system common in luggage inspection equipment. In the side-view setup, the conveyor belt is not included in the image, allowing for improved image quality.
Two strategies for the implementation of a correction for linescan systems are derived here, and the circumstances where each is appropriate are discussed. The first is to introduce a rotating attenuator between the sample and the detectors that varies in thickness along the line of the detectors as it rotates and the sample passes (figs. 4 and 5). Here the appropriate shape, size, and absorption coefficient for the correcting attenuator is derived. Figure 4 shows the arrangement for cans passing the attenuator in a side-view linescan system. Figure 5 outlines the geometry used in deriving the relevant equations. Applying equation 1 to the arrangement in figure 5 and equating the final intensities (I 3 ) for each path gives (with a little effort):
Since we require that b varies linearly (constant angular velocity of the motor) from 0 to p/2 as x varies linearly (constant belt speed) from R i to 0, it can be shown that: By simple geometry it can also be shown that:
and
Substituting equations 10 and 11 into equation 8 gives the required thickness of the attenuator as a function of the angular rotation of the motor:
As expected, the result is a combination of two terms: one involving only k 2 and k 3 that compensates for the varying thickness of container material as seen by the x-rays, and the other involving only k 1 and k 2 that compensates for the varying thickness of the sample inside the container. As before, in the limit as 0 or 0 3 → → k dR (no container), the first term vanishes as required.
Finally, transforming equation 9 into Cartesian coordinates, differentiating, and solving for d b/dt gives the required angular velocity of the correcting object:
where v is the conveyor belt speed. Figure 6 is a polar plot with the t of equation 12 as the radial variable for the case of k 1 = k 2 , giving the shape of the required attenuator. Again, the size of the object can be predetermined by selecting a material with the appropriate absorption coefficient. Alternatively, the material can be pre-selected and the size of the attenuator adjusted accordingly. As the ratio k 3 /k 2 increases, the effect due to the container overpowers the effect due to the contents, accounting for the reversal of direction at the tip of the attenuator in figure 6 for k ratios greater than about 2.5. This is a consideration when planning the parameters of the attenuator.
The shape in figure 6 applies to cylindrical objects, with the shape shown being a cross-section of the attenuator. This is applicable for the inspection of many processed foods, which are packaged in bottles, cans, or jars. Implementation requires exactly matching the speed of rotation of the attenu- ator to the linear speed of the conveyor, and properly coordinating the angular rotation with the location of the sample.
While the rotating attenuator is appropriate for cylindrical samples, it will not work for spherical samples because the different circular cross-sections along the height of the sphere cross the plane of x-rays at different times. In other words, the rotating attenuator can correct in one dimension only, while spherical samples require a two-dimensional correction. The second approach, which is appropriate for either spherical or cylindrical samples, is to replace the rotating attenuator with an attenuator that is introduced into the x-ray beam by means of a linear actuator ( fig. 7) . If no container is present, as in the case of the inspection of fresh produce, then the required shape of the attenuator is the same as derived for traditional imaging ( fig. 2b , eq. 7). For samples with containers, both terms of equation 7 must be taken into account. Figure 8 shows the required crosssection, with an arbitrary selection of k 3 = k 2 = 2k 1 (the attenuator is made from the same material as the container) for a sample with an inside radius of 2 cm and a wall thickness of 5 mm (exaggerated for illustration purposes).
OBJECTIVES
The objective of this study was to design, construct, and demonstrate the effectiveness of corrective attenuators as described above for: (1) traditional imaging on film of a simple sphere, an apple, an orange, and a lime; and (2) high-speed linescan imaging of cylindrical samples (cans) using a rotating attenuator.
METHODS AND MATERIALS TRADITIONAL IMAGING
For this study, all traditional x-ray images were obtained using a Faxitron x-ray cabinet (Faxitron Corp., Buffalo Grove, Ill.) with Kodak x-ray film. After developing, the film was digitized using a film scanner. The principles involved are applicable to real-time x-ray systems with digital detectors, and the results found here should apply equally to any type of x-ray system, with the exception of linescan systems, which will be discussed separately. An apple, an orange, and a lime fruit were chosen as test samples to demonstrate the effectiveness of the technique described here. Additionally, a sample of modeling clay was tested for the ideal case of a simple sphere. These fruit were chosen as test samples because they are approximately spherical in shape and are common agricultural commodities. The technique will work equally as well with any product that is either spherical or cylindrical in shape. The attenuators were constructed following the design in figure 2, requiring that the absorption coefficient of the attenuator be twice that of the sample. Selection of the appropriate attenuator material was made as follows. From equation 1 it can be shown that: 
where I 0 is the background intensity, I 1 and I 2 are the intensities of the two materials being compared, and t 1 and t 2 are their thicknesses. This allows measurement of the absorption coefficient of one material relative to another by comparison of pixel values in the digitized x-ray image. The first requirement was to identify a material that has an x-ray absorption coefficient double that of the samples and is suitable for molding to the required shape. A method was devised to adjust the absorption coefficient of a suitable base material. After testing many materials, a suitable base material with an x-ray coefficient approximately equal to that of the fruit with favorable molding properties was identified. Mixing various amounts of aluminum powder with the base material allowed adjustment of the absorption coefficient to the desired levels. For the spherical sample, modeling clay was used to form both the sphere and the attenuator, with aluminum powder worked into the clay to increase the absorption coefficient of the attenuator to double that of the clay (k 2 /k 1 = 2).
Since different fruit samples have different thicknesses and densities, ideal x-ray voltages for imaging vary from fruit to fruit. Since x-ray absorption coefficients are voltage dependent, the proper ratio of base material to aluminum powder also varies by x-ray voltage. Rather than mixing the material by trial and error for each sample to obtain the desired coefficients, it is more efficient to graph the relative coefficients of different concentrations of the aluminum powder in the base material at different x-ray voltages. This allows determination of the appropriate concentration of aluminum powder for a desired voltage by consulting the graph. The coefficients plotted are relative to the coefficient for base material with no powder added, so it was further necessary to determine the coefficients for each sample vs. that for the base material and find the concentration on the graph corresponding to half of that value. X-raying the samples along with a sample of the base material and applying equation 14 determined the sample vs. base material coefficients.
The ideal x-ray voltages for imaging each of the test samples were determined by trial and error. From the graph of absorption coefficient vs. powder concentration described above, the appropriate concentration of aluminum powder to mix with the base material for the corrective attenuator was determined for each sample. The attenuators were constructed, the samples were x-rayed with and without the correction, and the resulting images were compared.
LINESCAN
A Scantrac industrial linescan x-ray system (Peco Control Systems, Hayward, Cal.) was used as a test bed for implementing the rotating attenuator. The Scantrac system is used widely in the food industry for high-speed inspection of bottles, cans, and jars and is capable of processing up to 20Ăsamples per second.
A rotating attenuator for a simulated can with a diameter of 57.16 mm (2.25 in.) mm and a height of 67.8 mm (2.67 in.) was constructed in the shape derived in figure 6 . For simplicity, both the can and the attenuator were constructed from grey polyvinyl chloride (PVC). PVC stock was turned on a lathe to the desired diameter to produce the can. The attenuator was constructed by tracing the shape in figure 6 onto 12.71Ămm (0.5 in.) thick PVC sheets. The resulting shapes were cut on a band saw and glued together into a stack.
Timing the rotation of the attenuator to the motion of the sample was accomplished using a step motor synchronized with an encoder tied to the conveyor belt speed. An optical switch in the path of the sample generated a signal to begin rotation of the attenuator after an appropriate delay. Samples were x-rayed on the linescan system with and without the attenuator, and the resulting images were compared.
RESULTS AND DISCUSSION

TRADITIONAL IMAGING
The graph of the relative x-ray coefficients at various x-ray energies and powder concentrations is shown in figureĂ9 . For the range of energies of interest, x-ray absorption by aluminum decreases for increasing energy (CRC, 1969) , and the required powder concentration is expected to increase. The optimal energies, as determined by trial and error, for imaging the samples were 45 keV for the apple, 40 keV for the lime and the orange, and 50 keV for the clay sphere. The relative x-ray absorption coefficients between the sample and the base material (k 1 /k 2 ) were 0.85 for the apple, 0.87 for the lime, and 1.05 for the orange. Using these values, the required powder concentrations for the attenuators were found from the graph as 40% for the apple, 25% for the lime, and 23% for the orange. The attenuator for the sphere was mixed to the required concentration of modeling clay to aluminum powder by trial and error. Note that for the clay sphere the "base material" was also clay, as the absorptions characteristics are much different than for the fruit samples.
The case of k 2 /k 1 = 2 was chosen for this demonstration because it is much easier to construct than the case of different ratios. However, this constraint dictates that the attenuator be made from a material with a specific absorption coefficient. In practice, this can be a considerable constraint. For other k ratios, the choice of materials is arbitrary, but the construction is much more complicated. The more appropriate technique would depend on the absorption coefficient of the sample to be x-rayed and the availability of appropriate materials to construct the attenuator. Figures 10 through 13 show attenuated and non-attenuated x-ray images for the sphere, apple, lime, and orange, respectively.
Images taken with proper attenuation clearly are sharper and show more surface detail towards the edges. Some of the details seen in the corrected images are believed to be the result of air bubbles forming in the attenuator material. This is an issue that should be considered when choosing the base material for the attenuator. The material chosen for this study was the result of an intensive trial of many materials and intended only to demonstrate the principles involved. Other materials may be easier to handle and not prone to trapping air bubbles. In a commercial setting, finding suitable attenuator material raises many new issues such as durability and heat resistance, and this is an area of ongoing research.
While many agricultural products are approximately spherical, none are exactly so; the correction applied as described is therefore not perfect, and some variation in pixel intensity will remain across an image. For processed foods packaged in cans, jars, or bottles, this is not the case, and an exact correction should be obtainable.
LINESCAN
The rotating attenuator and its installation in the linescan system are shown in figure 14 . Images of the PVC cylinder with and without the rotating attenuator are shown in figureĂ15 , demonstrating the improvement in image quality. This improvement in image quality along the edges increases the likelihood of detecting small objects with low x-ray density at those locations. This should help improve the detection of relatively low-density targets such as wood or bone chips. Table 1 gives some pixel statistics for the images in figureĂ15 . For a perfectly executed correction, the mean pixel value of the attenuated image is expected to match the value at the center of the non-attenuated image, which may or may not be the exact minimum pixel value but should be close. The numbers indicate that the correction as applied here is far from perfect, presumably due to timing issues between the motion of the sample and the rotation of the attenuator, as demonstrated by the spike in pixel values at one edge of the attenuated figure (fig. 15) . This highlights the difficulty of exact application of this technique, especially in a high-speed processing line situation even when the samples are of known size. Here, the sample and attenuator were of the same material, simplifying the construction of the attenuator. For real food product in cans, the x-ray absorption characteristics of the sample must be taken into account, and the construction of the attenuator becomes a manufacturing challenge. For high-speed linescan inspection of fruit samples, there are the further complications of varying sample size and inconsistent shape and density. Therefore, in an actual sorting operation, the best that could be reasonably achieved would be an approximate correction. Fortunately, visual comparison of attenuated and nonattenuated images shows clearly observable improvement in image quality despite the flaws in the application of the technique. This suggests that even approximate corrections should be of value in improving image quality. A potential flaw in the methods described here occurs if there is a void in the interior of the sample, leading to overcorrection at that point of the image. However, most voids of interest are expected to be small in comparison to the size of the overall sample (insect tunnels for instance). Larger voids should be very apparent in the images without the bother of improving the image quality in the first place.
CONCLUSION
A technique to correct the deficiencies in x-ray images of round objects that are a consequence of the geometry of the sample has been derived and demonstrated, both for traditional imaging and linescan methods. The results indicate that the method generates x-ray images of higher quality in spite of technical difficulties in applying an exact correction. Research to find improved materials for the attenuators is ongoing.
